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Despite conservation efforts in the U.S. Great Plains, woody species have continued to expand at an unprece
dented rate, threatening key ecosystem services and resilience. Cross-scale monitoring of these grasslands is key
to successful integrative management strategies. In this study we measured plant optical traits derived from
hyperspectral proximal sensing techniques with a field spectrometer, coupled with field-based measurements,
including fluorescence and chlorophyll content, to determine the impacts of Juniperus virginiana and Pinus
ponderosa expansion on grasslands health in Nebraska Sandhills, and investigated the use of optical-based ap
proaches as indicators of successful monitoring of grasslands. Our results showed that higher woody species
cover in grasslands was associated with lower soil moisture, decline in forbs, shrubs, and grasses cover and
productivity, as well as herbaceous chlorophyll content and fluorescence, compared to non-invaded grasslands.
We derived 13 vegetation indices (VIs) from optical-based methods and validated them against traditional
handheld measurements of plant ecophysiological traits and vegetation biomass and composition. VIs, including
Normalized Difference Vegetation Index (NDVI), Water Index (WI) and Chlorophyll Index at red edge (CIred edge)
performed best when tested against biomass, and chlorophyll content and fluorescence (Fv/Fm), suggesting their
potential use for assessing grasslands vegetation health. We demonstrate that optical-based approaches can serve
as efficient non-invasive tools that can be part of multi-scale successful integrative management strategies.

1. Introduction
Globally, grasslands and savannas cover approximately 25% of the
terrestrial ecosystem (Lemaire et al., 2011) and contribute to around
35% of the terrestrial net primary production (NPP; Chapin et al., 2011),
providing significant provisioning (e.g., livestock and forage), support
ing (e.g., biodiversity, carbon sequestration and nurtient cycling),
regulating (e.g., flood control and water infiltration), and cultural (e.g.,
spiritual, recreational, educational and aesthetic) ecosystem services
(Zhao et al., 2020). However, anthropogenic management (e.g., fire
suppression and overgrazing) has resulted in loss or shift in vegetation
cover types and biodiversity in several grassland regions, which has
been further intensified by climate change (Battipaglia et al., 2020). In
the U.S. Great Plains, vegetation shift has been manifested by the
directional encroachment of native and non-native C3 woody species

into C4-dominated grasslands, resulting in shifts from grassland stable
states to woodland stable states and reinforced through positive feed
back loops (Twidwell et al., 2013). The native Juniperus spp.
encroachment into the Great Plains, especially J. virginiana (eastern
redcedar) and J. ashei (ashe juniper), are an example of a widespread
phenomenon driven by a complex anthropogenic-environment interac
tion (e.g., fire suppression and overgrazing). This encroachment is
resulting in grasslands degradation, loss of biodiversity, and shifts in key
ecosystem services (Twidwell et al., 2013; Msanne et al., 2017). This
includes a decline in species diversity and net primary production
(Ratajczak et al., 2012), and changes in the hydrological and biogeo
chemical cycles (Awada et al., 2013), with economic impacts on live
stock production and ranching operations (Throop et al., 2012), and an
increase in human health problems due to pollen production (Leis et al.,
2017).

* Corresponding author at: School of Natural Resources, University of Nebraska-Lincoln, Lincoln, NE, USA.
E-mail address: tawada@unl.edu (T. Awada).
https://doi.org/10.1016/j.ecolind.2021.108159
Received 23 November 2020; Received in revised form 19 August 2021; Accepted 27 August 2021
Available online 31 August 2021
1470-160X/Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

A. Mazis et al.

Ecological Indicators 131 (2021) 108159

In the U.S., J. virginiana impacts over 7 million ha of land in the
western portions of its range (McKinley et al., 2008), where complete
conversion to dense wooded areas can occur within 40 years of woody
plant invasion (Briggs et al., 2002). Encroachment by J. virginiana is an
increasing issue throughout Nebraska. Of particular concern are the
Nebraska Sandhills, around 5 million ha area of semiarid grasslands that
make up the largest stabilized sand dune formation in the Western
Hemisphere. The area is experiencing a nonlinear increase in
J. virginiana encroachment, one of the highest in the Great Plains
(Meneguzzo & Liknes, 2015). Pinus ponderosa is another native species
that is expanding from its historical grassland-woodland ecotone into
grasslands in the Black Hills of South Dakota, and the Niobrara Valley
and Pine Ridge of north central and north west Nebraska, respectively
(Steinauer & Bragg, 1987; Battipaglia et al., 2020).
Despite the serious conservation efforts (e.g., prescribed fire, chem
ical application and tree removal) to control woody species encroach
ment in the Great Plains, the percent of land converted from grassland to
woodland continues to expand (Leis et al., 2017). Cross-scale monitoring
of these ecosystems is key to successful integrative management stra
tegies. Plant optical traits derived from image-based proximal and aerial
remote sensing measurements (e.g., visible, multispectral and hyper
spectral), coupled with field-based measurements and ground-truthing
can assist with a fast, labor saving, non-destructive, and cost effective
solution for successful monitoring of vegetation over multiple spatial
and temporal scales (Angelopoulou et al., 2019; Wang et al., 2021) and
as indicators for biodiversity, function, and health of these ecosystems
(Nagendra et al., 2013).
Proximal and remote sensing techniques in the Visible Near Infrar
ed–Shortwave Infrared (VNIR–SWIR, 400–2500 nm) spectral region
have increasingly been used in grasslands and forest studies. They are
based on measurements of the electromagnetic radiation reflected from
a vegetated surface or reflectance spectroscopy that encodes a combi
nation of plant functional traits across a wide range of wavelengths
(Angelopoulou et al., 2019; Gamon et al., 2019; Mazis et al., 2020).
Reflectance data can be converted into estimates of important plant
biophysical and ecophysiological traits by calculating different spectral
vegetation indices (VIs; Kattenborn et al., 2019). Many of these VIs have
been developed using different ratios of the blue (400–500 nm), green
(500–600 nm), red (600–700 nm), and near-infrared (700–2500 nm)
parts of the electromagnetic spectrum, each of which is related to one or
more plant properties (Thorp et al., 2015). Normalized Difference
Vegetation Index (NDVI; Carlson & Ripley, 1997) and Gitelson (Gitelson
& Merzlyak, 1997) are among the most widely used vegetation indices
(VIs) for vegetation characterization (Xue & Su, 2017) and assessment of
ecophysiological (e.g., photosynthetic capacity, fluorescence) traits
(Chen et al., 2019).
The aim of this study is therefore to investigate vegetation ecophysiooptical traits to assess changes in grasslands’ herbaceous species health
and performance as impacted by increasing densities of Juniperus vir
giniana and Pinus ponderosa stands in the Sandhills of Nebraska. We
hypothesized that site characteristics and grasslands’ herbaceous vege
tation, composition, biomass and functional traits will be affected by
increased tree density, and that these changes can be detected using
ecophysiological and proximal ground-based sensing techniques, due to
changes in the reflective properties of the herbaceous vegetation asso
ciated with changes in species composition and the local environment.
Specifically, we used multiscale field techniques to assess the ecophys
iological and morphological traits of the herbaceous vegetation in noninvaded and invaded grasslands using proximal sensing methods
coupled with traditional low-throughput non-destructive and destruc
tive techniques. We also propose alternative and/or complementary
techniques for direct, non-destructive, and efficient assessment of the
performance of the herbaceous vegetation in grasslands ecosystems. For
ecophysiological traits, we focused on studying chlorophyll content and
fluorescence (used to assess physiological state of vegetation, due to
their direct relationship with photosynthesis) and VIs (Ni et al., 2019).

Fig. 1. Study location at the Nebraska National Forest (NNF), Halsey Nebraska
(41050′ 45′ ’N, 100020′ 06′ ’W, elevation 865 m).

Utilizing a ground-based approach can serve as ground-truthing and
provides the advantage of sampling herbaceous vegetation in invaded
areas and in the understory, that otherwise would be a challenge to
accurately assess using aircraft or satellite-based remote sensing
methods. Our ability to monitor and study vegetation shifts across
multiple temporal and spatial scales is important for predicting direc
tional changes of these ecosystems in the face of anthropogenic man
agement and climate change.
2. Materials and methods
2.1. Site characteristics
The study was conducted at selected sites located within the
Nebraska National Forest (NNF), Halsey, Nebraska, U.S. (41050′ 45′′ N,
100020′ 06′′ W, elevation 825 m), during the summer of 2019 (June 19 DOY 170 and August 18 - DOY 230). The NNF is a 25,000 ha experi
mental forest established in 1902 in the semiarid Sandhills grasslands of
Nebraska (Fig. 1). The Sandhills are dominated by C4 grass communities.
A total of 10,000 ha was hand-planted with coniferous species pre
dominately Pinus ponderosa and Juniperus virginiana in the 1930 s and
1940 s (Eggemeyer et al., 2009). Since then additional planting of co
nifers occurred together with natural expansion of mainly J. virginiana.
Climate is semiarid continental with a mean annual precipitation of 570
mm, the majority (75 %) of which falls during the growing season (April
- September; Msanne et al., 2017). The mean annual temperature is
8.5 ◦ C. The mean minimum temperature in January is − 13.8 ◦ C, and the
mean maximum temperature in July is 31.3 ◦ C. The soils are Valentine
fine sand with deep loose sandy well-drained soils (Sherfey, 1965).
To investigate the effects of woody canopy cover on the herbaceous
grasslands vegetation, we selected sites representing five vegetation
cover types: open grasslands, mixed low density grasslands with sparse
individuals of J. virginiana and P. ponderosa, mixed medium density
J. virginiana and P. ponderosa, high density P. ponderosa, and high den
sity J. virginiana (Fig. 2). Sites characteristics are presented in Table 1.
Three 40*40 m replicated plots were established at each of the five sites
(15 total plots) for data collection.
2.2. Environmental conditions
Micro-meteorological variables including precipitation, temperature
(minimum, maximum, and mean) and atmospheric relative humidity
were obtained from a weather station located in Anselmo, NE
(41043′ 1.56′′ N, 99059′ 5.28′′ W, 29 km from the site, elevation 794 m).
The daily data were acquired from the High Plains Regional Climate
2
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Fig. 2. Satellite image of the study sites at the Nebraska National Forest; open grasslands (A), mixed low density (B), mixed medium density (C), high density
P. ponderosa stands (D), and high density J. virginiana (E).
Table 1
Site and stand characteristics (basal area, tree density and average tree height ± SE) at the Nebraska National Forest (NNF), Halsey.
Site description

Open Grasslands
Mixed Low Density
Mixed Medium Density
Dense P. ponderosa
Dense J. virginiana

Basal Area
(m2 ha− 1)

Tree Density
(tree ha− 1)
P. ponderosa

0
5
26
34
26

0
9
62
375
0

Center, HPRCC, University of Nebraska, Lincoln (https://hprcc.unl.
edu).
Soil moisture was determined using a TRIME-TDR (IMKO GmbH,
Germany), which provides a single measurement averaged across the
20-cm long probe for each reading, through access tubes (2 per site) that
were installed on each site. Soil moisture was assessed on a monthly
basis from surface to 300 cm depth, at 30-cm increments (e.g., a 30 cm
deep reading was the average of 20–40 cm, etc.) (Wang et al., 2015).
Since previous year precipitation can be important for current year
growth, we present soil moisture data for both 2018 and 2019. Soil
moisture data for open grassland and mixed low-density sites are pre
sented together due to the close proximity of the sites and thus the
placement of shared access tubes.

J. virginiana

Average Tree Height
(m)
P. ponderosa

J. virginiana

0
1
7
12
356

–
11 ± 2.8
17 ± 2.1
17 ± 2.9
–

–
5
8 ± 2.1
9 ± 1.9
9 ± 3.1

2.3. Site canopy characteristics
In this study, the “overstory” vegetation refers to the woody tree
strata (P. ponderosa and J. virginiana), and the “herbaceous” vegetation
refers to both the vegetation in open grasslands and understory vege
tation in wooded areas. Forest mensuration measurements to charac
terize the overstory vegetation included tree density, tree height, and
basal area (derived from tree diameter at breast height in the plots, and
expressed in m2 ha− 1) for each plot where trees were present (Table 1).
The number and average height of J. virginiana volunteer seedlings (≤50
cm) were recorded.
To assess the impact of light environment on the understory vege
tation, overstory leaf area index (LAI), canopy closure (%), and the
direct and indirect radiation (mol m− 2 d-1) reaching the herbaceous
vegetation were determined using a hemispherical camera with selfleveling mount (WinSCANOPYTM, Regent Instruments Inc., Canada).
3
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Fig. 3. Soil moisture levels at 0–300 cm depths in the soil profile, for all sites during the calendar year of 2019 (upper panel, annual precipitation 883 mm) and 2018
(lower panel, annual precipitation 692 mm).

Six images were taken at each of the 15 established plots. The images
were analyzed with the Gap Light Analyzer (GLA) software, version 2.0
following the protocol described by Glatthorn & Beckschäfer (2014).
The LAI 4 Ring and total transmitted radiation by the canopy were
calculated. LAI 4 Ring represents the effective LAI integrated over the
Zenith angles 0-60◦ using the GLA software. It was selected as it offered
smaller amount of scattered light relative to LAI 1–3 (Stenberg et al.,
1994; Eckrich et al., 2013).

2.5. Ecophysiological measurements
Chlorophyll content (mg m− 2) was determined using a CCM300
(Opti-Sciences, U.S.) on species within functional groups found in
sampled quadrats in each plot prior to destructive measurements, the list
of species is presented in Table S1. Photosystem II (PSII) quantum yield
of the herbaceous community was assessed using a handheld fluorom
eter FluorPen FP 110 (Photon Systems Instruments, Czech Republic).
The fluorometer measures the variables Fv/Fm for dark adapted and Fv’/
Fm’ for light adapted plants. The variable Fv/Fm represents the
maximum quantum yield of PSII (the quantum efficiency if all PSII
centers were open) and is the ratio between the variable fluorescence
(Fv) and the maximal fluorescence (Fm) of dark-adapted leaves (Maxwell
& Johnson, 2000). Fv/Fm provides an estimate of the maximum PSII
efficiency of the plant in the absence of non-photochemical quenching
and therefore can be used for detecting stress and diagnosing plant stress
status (Ibaraki & Murakami, 2007). To simulate dark conditions, the
leaves were covered using standard leaf-clips and left in dark conditions
for 20 min prior to the measurements. The Fv’/Fm’ variable represents
the PSII maximum efficiency in light conditions and is the ratio between
the variable fluorescence (Fv’) and the maximal fluorescence (Fm’) of
light adapted leaves. Fv’/Fm’ provides an estimate of the extent to which
PSII is suppressed by non-photochemical quenching (Baker, 2008).
Twenty measurements were taken in each of the 15 plots on species that
were representative of the functional groups present.

2.4. Species composition and biomass
Herbaceous vegetation was sampled twice in 2019, June (June 19 DOY 170) and August (August 18 - DOY 230), during the peak of C3 and
C4 grasses (Hartman, 2015), respectively. To characterize the herba
ceous community, we sampled vegetation using 4 quadrats (1*1m) in
each of the three 40*40 m plots that were established on each of the five
sites. The quadrats were placed at a random distance within 10 m of the
center of each plot in each cardinal direction. Percent cover in each
quadrat (visual assessment, using 2 individuals), biomass, functional
group (C3 grasses, C4 grasses, forbs, woody species, shrubs, and cacti),
and species composition within each functional group (Table S1) were
determined. Vegetation in each quadrat was first visually assessed for
cover, then clipped and separated by species and functional group,
weighed fresh, and measured for leaf area (LI-3100C, LI-COR Inc.,
Lincoln NE, U.S.). Clipped materials were then dried at 60 ◦ C until
weight was constant. Leaf area index [LAI = leaf area (m2) / ground area
(m2)] was then determined for each quadrat.

2.6. Optical traits
Optical properties of the herbaceous community were determined
using proximal sensing techniques with two Ocean Optics 2000
4
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Fig. 4. Canopy closure (%) (A), leaf area index (LAI) (B), and transmitted total radiation (mol m− 2 d-1) (C), for open grasslands, mixed low density, mixed medium
density, dense P. ponderosa and dense J. virginiana stands. Letters denote statistical differences between sites at P < 0.05.

hyperspectral field radiometers (Ocean Optics Inc., UK), mounted on a
sensor pole (~1.5 m above ground level) along with the light-collecting
fibers. The radiometers were connected to the sensor system through
two RS-232 serial cables. In this configuration, the sensors can measure
both the downwelling and upwelling radiation. The configuration of the
system, as well as the technical aspects of the radiometers and the
accompanying parts are described by Rundquist et al. (2014). The sen
sors span from visible to infrared (400–1000 nm) and measure the
relative reflectance of the vegetation. Images were acquired for each of
the 4 quadrats per plot, prior to vegetation sampling as described above,
between 09:00 and 14:00 solar time. The system acquires multiple
consecutive scans (over ~ 1 min) that are averaged to provide one scan
per quadrat. Calibration scans, using a lambertian surface, were taken
between each spectral measurement to account for changing solar ra
diation conditions. Relative reflectance was used for the calculation of
vegetation indices (VIs) as proxy for the biophysical traits of the vege
tation (Yendrek et al., 2017).
2.7. Statistical analysis
Statistical analyses were performed using RStudio® software,
version 1.1.463 (RStudio, Inc., Boston, MA, U.S.) and dplyr (version
0.7.4), readxl (version 1.0.0) and ggplot2 (version 3.0.0) packages for
manipulating and visualizing the data. Analysis of variance was per
formed to determine the impacts of stand density and time of sampling
on measured traits, and pairwise means comparison was used to sepa
rate and compare the means. To test the correlation between traits and
between methods used, linear regression models were built using the lm
() function in RStudio.
The VIs derived from the relative reflectance measurements were
correlated with handheld and destructive reflectance measurements. For
the calculation of the VIs, an algorithm in Matlab (version 2015b,
Mathwork®, Natick, MA, U.S.) was developed that has as input the raw
relative reflectance data of the vegetation community, as measured
using the field radiometers and as output the numeric values for the used
VIs (Mazis et al., 2020). The significance level used throughout the
statistical analysis was 0.05.

Fig. 5. Relationship between overstory canopy closure (%) and herbaceous
vegetation biomass (g m− 2) for June and August.

(precipitation 692 mm), leading to changes in moisture distribution in
the soil profile (0–300 cm, Fig. 3). For both years, open grasslands/
mixed low density stands displayed the highest soil moisture levels
(15.65% soil water content) in the top 300 cm of the soil profile, with
little increase (0.94%) from 2018 to 2019, suggesting that soil moisture
in open grasslands was not impacted by above average precipitation.
Soil moisture was lowest in the dense J. virginiana in 2018, and increased
slightly with depth, with annual average of 14.89, 14.98 and 15.09% at
0–100, 100–200 and 200–300 cm, respectively, and showed the highest
percent increase (3.12%) in 2019. Dense P. ponderosa stands followed
similar trend with a mean increase of 1.65% from 2018 to 2019. For
mixed medium density and dense P. ponderosa stands, inter-annual
variation was most pronounced at the 100–200 cm soil depth, while
for the dense J. virginiana, the change was observed throughout the soil
profile (0–300 cm), suggesting different patterns of soil moisture uptake
by trees from the soil profile (Eggemeyer et al., 2009).

3. Results
3.1. Environmental conditions
Annual mean temperature (Tmean) was 7.2 ◦ C in 2019, 1.3 ◦ C below
the long-term average. Annual 2019 cumulative precipitation was
883.2 mm, 55 % above the long-term average of 570 mm. For 2019,
most precipitation (75%) fell during the growing season (662.9 mm,
Fig. S1), consistent with long-term pattern. Above average precipitation
levels resulted in higher soil moisture levels in 2019 compared to 2018

3.2. Canopy characteristics of woody vegetation
Overstory woody vegetation was characterized by canopy closure,
leaf area index (LAI), and transmitted total radiation (Fig. 4). Canopy
5
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Fig. 6. Herbaceous vegetation cover (%) for June (A) and August (B) per functional group, for all study sites.

closure was highest and did not differ between dense J. virginiana (81.1
± 4.3 %) and dense P. ponderosa (80.2 ± 1.9 %) stands (Fig. 4A), fol
lowed by the mixed medium density (69 ± 1.8 %), mixed low density
(24.03 ± 8.79 %), and finally the open grasslands (0.15 ± 0.12 %).
Overstory LAI was highest (1.8 ± 0.12) in the dense P. ponderosa stands
(Fig. 4B), followed by mixed medium density and dense J. virginiana
stands (1.13 ± 0.15), and finally the mixed low density stands (0.35 ±
0.29). Transmitted total radiation (Fig. 4C) was highly and negatively
correlated with canopy closure (R2 = 0.97, P < 0.05, Fig. S2). Although
the dense J. virginiana and P. ponderosa stands had similar canopy
closure, the latter showed higher LAI and lower total transmitted radi
ation relative to J. virginiana, due in large part to differences in canopy
architecture between the two species (Figs. 4 & S2).

(Opuntia ficus-indica) with some scattered individuals of grass and forb
species (Table S1). The dense P. ponderosa understory vegetation was
mostly composed of C3 grass, with Poa pratensis and Stipa spp. being the
most common species.
Herbaceous vegetation biomass peaked in June for open grassland
sites and in August for invaded sites (Fig. 6). Vegetation cover differed
between June and August, we observed a decline in C3 grasses as we
expected in open grasslands, and dense J. virginiana stands and an in
crease in mixed stands between June and August. Dense P. ponderosa
and mixed low density sites did not show significant change in C3 grasses
between June and August (1.65 %). C4 grass cover increased in the
mixed medium density (10.5 %) and decreased slightly in the mixed low
density stands (2.95 %) between June and August. We detected little
seasonal change in C4 cover in dense J. virginiana and open grassland
sites.
Volunteer seedlings (≤50 cm) of P. ponderosa and J. virginiana were
found in all sites except for open grasslands and dense J. virginiana
stands (Table S2). The highest number of volunteer seedlings was re
ported in the dense P. ponderosa and mixed medium density stands.

3.3. Herbaceous vegetation characteristics
Herbaceous vegetation biomass significantly declined with the in
crease in canopy closure (P < 0.05, Fig. 5) both in June (R2 = 0.84) and
August (R2 = 0.71). Open grasslands and mixed low density sites were
composed of a diverse community dominated by typical C3 and C4 grass
species for the region. The mixed medium density stands had the highest
number of recorded species (Table S1), as well as P. ponderosa and
J. virginiana seedlings (Table S2). Similar to biomass, the number of
recorded species declined with the increase in woody species density. In
the dense J. virginiana stands, understory vegetation was limited to cacti

3.4. Ecophysiological traits of herbaceous vegetation
Chlorophyll content of herbaceous vegetation was significantly (P <
0.05) higher in open grasslands (442.39 ± 22.87 mg m− 2) compared to
dense P. ponderosa (346.06 ± 18.01 mg m− 2) and dense J. virginiana
6
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Fig. 8. Relationship between chlorophyll content (mg m− 2) and Fv/Fm (A), and
chlorophyll content (mg m− 2) and Fv’/Fm’ (B).

June and August except for the dense P. ponderosa stands that exhibited
a decline. Fv/Fm was significantly correlated with chlorophyll content
(Fig. 8A; R2 = 0.64; P < 0.05), while Fv’/Fm’ displayed a weaker but still
a significant relationship with chlorophyll content (Fig. 8B; R2 = 0.22; P
< 0.05), suggesting that Fv/Fm can serve as a better predictor and in
dicator for photosynthesis performance and different stress conditions of
the herbaceous vegetation compared to Fv’/Fm’.
3.5. Optical properties of the herbaceous vegetation
Relative reflectance of the herbaceous vegetation was measured in
June (Fig. 9A) and August (Fig. 9B) across all sites to determine the
impact of canopy closure and sampling date on biophysical traits.
Relative reflectance in the dense J. virginiana and the P. ponderosa stands
did not follow the typical vegetation reflectance curve due to the low
abundance of understory herbaceous vegetation, indicating the poten
tial use of optical properties as an indicator to determine vegetation
health and performance. The relative reflectance for the open grassland,
mixed low density and mixed medium density sites displayed a typical
reflectance curve and exhibited an increase from June to August. The
increase was significant in the green (500–600 nm) and near infrared
(750–900 nm) parts of the spectrum, which are indicators of changes in
chlorophyll absorption and cell structure, respectively, as impacted by
species, plant developmental stage, and environment. The red edge
(680–740 nm), which is sensitive to the biochemical properties in the
leaf, especially chlorophyll, can serve as an indicator of the condition
and performance of the vegetation (Peng et al., 2017), and thus as a
measure of comparison between the different sites. Mixed low density
and mixed medium density sites showed a greater increase from June to
August compared to open grassland. A qualitative comparison of the
spectral curves can assist in identifying the different reflectance patterns
for each site. The reflectance of the herbaceous vegetation in the dense

Fig. 7. Chlorophyll content (mg m− 2) (A), Fv/Fm (B), and Fv’/Fm’ (C) for June
and August for all studied sites. Letters denote statistical difference between
sites and * denotes statistical difference between sampling periods at P < 0.05.

(346.78 ± 23.2 mg m− 2) sites. Chlorophyll content did not differ
significantly between open grasslands, mixed low density and mixed
medium density stands or between sampling dates, averaging 449.2 ±
5.4 mg m− 2, but increased significantly from June to August in dense
P. ponderosa (21.4 %) and dense J. virginiana (36.2 %) stands (Fig. 7A).
Fv/Fm and Fv’/Fm’ (Fig. 7B,C) generally increased in all sites between
7
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J. virginiana site differed significantly from the reflectance of the
remaining sites, with this spectral difference primarily attributed to the
low herbaceous vegetation on the ground in the former site. Changes in
relative reflectance for each site from June to August are presented in
more detail in Figure S4.
To quantify relative reflectance and its relationship to biophysical
traits, vegetation indices (VI) were calculated (Table 2). Of all the tested
VIs, the Normalized Difference Vegetation Index (NDVI), Chlorophyll
Index for red edge (CIred edge), and Water Index (WI) performed the best
when correlated with Fv/Fm, chlorophyll content and biomass.
When regressed against biomass (Fig. 10A), NDVI displayed a high
non-linear (logarithmic) correlation (R2 = 0.78; P < 0.05). The NDVI
values seem to saturate, displaying a decline in sensitivity at biomass >
80 g m− 2. We were able to improve the relationship (R2 = 0.87, P <
0.05) after applying a log-transformation to biomass data and fitting a
linear fitting line against NDVI (Fig. 10B). This indicates that NDVI can
be used to determine herbaceous vegetation biomass. Using NDVI as
estimator for biomass (Fig. S5), we showed that mixed low density and
mixed medium density sites had the highest biomass, with NDVI values
of 0.745 and 0.743, respectively. NDVI and the Water Index (WI)
showed a significant correlation with Fv/Fm (Fig. 11A,C) with R2 = 0.53
(P < 0.05) and R2 = 0.85 (P < 0.05), respectively, whereas chlorophyll
content was significantly correlated with NDVI and CIred edge (Fig. 11B,
D) with R2 = 0.55 (P < 0.05) and R2 = 0.7 (P < 0.05) respectively,
suggesting that the tested VIs can assist in monitoring ecophysiological
traits of the herbaceous vegetation.
4. Discussion
4.1. Site and vegetation characteristics
Woody plant encroachment is a global phenomenon affecting
grassland and savanna ecosystems and the services they provide (Leis
et al., 2017). In this study, our results demonstrated the significant
impacts of woody species expansion on site characteristics, as well as the
grasslands community using multiple approaches. Soil moisture levels
were lower in the top 300 cm of the soil profile in invaded wooded areas,
confirming the ability of the studied J. virginiana and P. ponderosa to
alter the soil moisture profile (Eggemeyer et al., 2009), change the hy
drological cycle of the ecosystem and impact groundwater recharge
(Awada et al., 2013). The dense stands of both investigated woody

Fig. 9. Relative reflectance (%) of the herbaceous vegetation for June (A) and
August (B), for all studied sites.

Table 2
Vegetation Indices (VIs) along with the coefficient of determination (R2), significance level (P < 0.05) and regression coefficients for the correlations between opticalbased methods and traditional handheld methods. ***, **, ns for significance at 0.05, 0.1 and non-significant, respectively.
Index

Equation

R2

NDVI

(R800-R680)/ (R800 + R680)

Fv/Fm
0.53
***

Chlorophyll content
0.55
***

Biomass
0.87
***

CIred edge
Water Index
(WI)
CIgreen
CARI
Double
Difference
Vogelmann2

(R850/R730)
R900/R970

0.09
0.85

ns
***

0.7
0.08

***
ns

0.29
0.1

ns
ns

(Carlson & Ripley,
1997)
(Viña et al., 2011)
(Peñuelas et al., 1997)

(R730/R530) -1
[(R700-R670)-0.2*(R700-R550)]
(R749-R720)-(R701-R672)

0.35
0.34
0.25

**
**
ns

0.34
0.37
0.51

**
**
**

0.2
0.31
0.27

ns
ns
ns

(Viña et al., 2011)
(Kim et al., 1994)
(Yendrek et al., 2017)

(R734-R747)-(R715 + R726)

0.37

**

0.38

**

0.08

ns

MCARI
SR1

[(R850-R730)-0.2*(R850-R570)]/ R730
R750/R700

0.25
0.15

ns
ns

0.16
0.19

ns
ns

0.3
0.3

ns
ns

Gitelson

1/R700

0.33

**

0.03

ns

0.1

ns

SR
Vogelmann

R760/R500
R740/R720

0.17
0.02

ns
ns

0.23
0.006

ns
ns

0.28
0.28

ns
ns

EVI

2.5*((R800-R680)/(R800 + 6*R6807.5*R450) + 1)

0.03

ns

0.16

ns

0.08

ns

(Vogelmann et al.,
1993)
(Daughtry et al., 2000)
(Gitelson & Merzlyak,
1997)
(Gitelson & Merzlyak,
1997)
(Chen and Cihlar, 1996)
(Vogelmann et al.,
1993)
(Matsushita et al., 2007)

-1

R2

Signif. Level (P <
0.05)
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Signif. Level (P <
0.05)

R2

Signif. Level (P <
0.05)
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J. virginiana site could be related to limited light regime (Briggs et al.,
2002; Msanne et al., 2017), soil moisture (Bihmidine et al., 2010; Hoff
et al., 2018), increased litter accumulation (Awada et al., 2004), and/or
release of allelopathic substances in the soil such as camphor and bornyl
acetate (Fisher & Garbett, 1980; Horman & Anderson, 2003). These
factors, individually or combined, can create an unfavorable environ
ment for seedling establishment. The dense P. ponderosa and mixed
stands seem to provide the propagules and possess the microclimate
suitable for regeneration of both woody species. On the other hand, the
absence of P. ponderosa and J. virginiana volunteer seedlings in the open
grasslands could be attributed to a number of possible factors including
relatively low anthropogenic pressure (e.g., cattle grazing in National
Forests) and higher grass species richness and competition (Crawley
et al., 1999), lower bare ground cover (especially during woody seedling
establishment in the spring on our site), and possibly allelopathic sub
stances produced by the herbaceous vegetation (Ning et al., 2016).
These combined environmental factors in open grasslands may result in
improved resistance to woody species encroachment (Thomsen &
D’Antonio, 2007; Schuster et al., 2018).
4.2. Vegetation ecophysio-optical traits
Similar to findings by Coultrap et al. (2008), our study showed that
chlorophyll content of the herbaceous vegetation in the dense
J. virginiana and P. ponderosa stands was significantly lower compared to
the open grasslands, demonstrating the impacts of the woody species on
resource availability, i.e., light and water, and in turn on photosynthetic
ability and primary production of the herbaceous vegetation (Rossatto
et al., 2018). Fluorescence measurements were regressed against chlo
rophyll content to determine whether Fv/Fm and Fv’/Fm’ can be used as
estimates for the physiological performance of the vegetation. Our re
sults showed a positive and significant relationship between the pa
rameters, validating previous studies that proposed the use of these
parameters as estimates of the vegetation health and performance
(Poudyal et al., 2019), and well as gross primary production (Ni et al.,
2019). However, due to the dynamic nature of Fv’/Fm’, and as shown by
Pollastrini et al. (2020), its use may lead to an underestimation of the
photosynthetic performance in plants, especially under low light con
ditions (Baker, 2008), or in vegetation with low chlorophyll content
(Lichtenthaler et al., 2005). Hence, we conclude that Fv/Fm is a better
predictor of the photosynthetic performance than Fv’/Fm’ under diverse
environmental conditions (Bussotti et al., 2020; Pollastrini et al., 2020).
Proximal sensing techniques can offer valuable insight on vegetation
health and performance, as well as estimation of important plant traits
by integrating information based on the optical characteristics of the
vegetation (Nagendra et al., 2013; Chen et al., 2019). Our results
showed that spectral properties of the herbaceous vegetation varied
between sites and during the growing season, enabling us to identify
differences between C3 and C4 grass peak growing periods. The signifi
cantly different spectral properties of the herbaceous vegetation in dense
J. virginiana and P. ponderosa sites relative to other sites, as a result of the
low abundance of understory herbaceous vegetation and differences in
ecophysiological traits, demonstrates the feasibility of using this tech
nique to assess the chlorophyll content and biomass of the grass popu
lation, as result of different levels of canopy closure (Wang et al., 2018).
Calculation of VIs further permitted for quantification of the condition
and health of the herbaceous vegetation in different sites. Widely used
VIs were tested against important physiological and morphological/
growth traits (Fv/Fm, chlorophyll content and biomass). Our results
indicated that NDVI, CIred edge, and WI were highly correlated (P < 0.05)
with investigated physiological and morphological traits (Fv/Fm, chlo
rophyll content and biomass), suggesting a combination of these indices
can be used for the estimation of important functional traits in a timeefficient and non-invasive way (Peng et al., 2017). The tested VIs
showed that the open grassland sites had healthier herbaceous vegeta
tion compared to the dense J. virginiana site, demonstrating the negative

Fig. 10. Correlation between Normalized Difference Vegetation Index (NDVI)
and Biomass (g m− 2) (A) and NDVI and log-transformed biomass (g m− 2) (B) at
P < 0.05.

species showed similar canopy closure, but different level of light
transmission, caused by tree architectural differences, which resulted in
different herbaceous vegetation cover and species composition in the
understory (Van Els et al., 2010; Mestre et al., 2017). The combined
impacts of decline in radiation and soil moisture in the understory of the
dense stands may have likely increased the intra- and inter-species
competition for limited resources. This resulted in a decline in abun
dance and diversity of the understory herbaceous vegetation, with the
decline being more pronounced in the dense J. virginiana than
P. ponderosa stands, consistent with findings of Van Els et al. (2010).
In open grasslands/mixed low density stands, the above average
precipitation in 2019, relative to 2018, did not have a significant impact
on water in the soil profile, due in part to the sandy porous soil texture in
the Sandhills, but may lead to a positive increase in groundwater
recharge as described by Adane et al. (2018). Additionally, biomass of
the herbaceous vegetation was well within published values for local
ized region (e.g., Mangan et al., 2004; Yarina, 2012), indicating that
above average annual precipitation did not significantly alter or
improve grasslands productivity. Mangan et al. (2004) found that pe
riods of drought have a greater effect on biomass compared to periods of
above average precipitation levels in semiarid grasslands.
The increasing trend of woody encroachment into the Sandhills of
Nebraska was demonstrated by the presence of volunteer seedlings of
P. ponderosa and J. virginiana in all sites except the open grassland and
dense J. virginiana sites. The absence of volunteer seedlings in the dense
9
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Fig. 11. Relationship between NDVI and Fv/Fm (A), NDVI and chlorophyll content (mg m− 2) (B), Water Index (WI) and Fv/Fm (C), and Chlorophyll Index-red edge
(CIred edge) and chlorophyll content (mg m− 2) (D).

effects woody species encroachment has on grassland ecosystems and
their structure (Leis et al., 2017). Our study is consistent with previously
published work of remote sensing techniques being used to successfully
complement on-ground assessment of the condition of the herbaceous
vegetation in cases of woody species encroachment in different ecosys
tems (e.g., Briske, 2017; Anchang et al., 2019). The successful integra
tion of the proximal sensing methods in the study signifies the potential
of the method in assisting with the monitoring of the herbaceous
vegetation and its responses to abiotic and biotic stresses in a noninvasive and time-efficient way.
When comparing sampling methods and techniques, research ob
jectives and cost components are important to consider. These may
include cost of instruments, hardware, software, and data acquisition,
preparation and analysis over space and time (Lewis et al., 2013). With
the continuous decline in cost of digital cameras and unmanned arial
vehicles, increased accessibility, resolution and spectrum of remote
sensed images, and availability of open source semi-automated and
automated software (Pontius et al., 2020), it renders these technologies
in many cases more effective and efficient with regards to cost and their
ability for early detection of small changes in vegetation, which is
important for sustainable management of ecosystems, including miti
gating for weather and management induced slow chronic stresses
(Pontius et al., 2020) and invasive species (Wang et al., 2021).

this study, we characterized shifts in site characteristics and used plant
ecophysio-optical traits to assess changes in grasslands’ herbaceous
species in peak season for C3 and C4 grasses (Balasko et al., 1984; Wang
et al., 2013; Hartman, 2015), and vegetation health and performance as
impacted by increasing densities of Juniperus virginiana and Pinus pon
derosa in the Sandhills of Nebraska. Furthermore, we demonstrated the
potential use VIs derived from proximal multispectral sensing as com
plementary or alternative effective, efficient, and feasible technique to
assess changes in herbaceous vegetation. Our results showed that
increased woody species in grasslands has affected soil moisture profile,
altered plants ecophysiological (chlorophyll content and fluorescence)
and optical traits, and caused a decline in productivity and species
composition, relative to non-invaded grasslands. Among the 13 derived
VIs, we found that NDVI, WI and CIred edge performed best when tested
against traditional measurements of biomass, fluorescence (Fv/Fm) and
chlorophyll content, suggesting their potential use as indicators for
assessing grasslands vegetation, and confirming the ability of VIs to be
used as estimates of important morphological and biophysical traits in a
non-invasive and more time-efficient way when compared to traditional
methods (Peng et al., 2017).
Cross-scale monitoring of grasslands is key to successful integrative
management strategies. Remote and proximal sensing techniques,
coupled with field-based measurements can serve as indicators for
biodiversity, function, and health of ecosystems and are important in our
efforts to successfully adopt integrative strategies for managing grass
land ecosystems for sustainably and resilience.

5. Conclusion
Woody plant encroachment in grassland and savanna ecosystems
continues to pose a significant threat to ecosystem composition, struc
ture, and function (Meneguzzo & Liknes, 2015; Msanne et al., 2017). In
10
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Peñuelas, J., Pinol, J., Ogaya, R., Filella, I., 1997. Estimation of plant water
concentration by the reflectance water index WI (R900/R970). Int. J. Remote Sens.
18 (13), 2869–2875. https://doi.org/10.1080/014311697217396.
Pollastrini, M., Salvatori, E., Fusaro, L., Manes, F., Marzuoli, R., Gerosa, G.,
Brüggemann, W., Strasser, R.J., Bussotti, F., 2020. Selection of tree species for forests
under climate change: is PSI functioning a better predictor for net photosynthesis
and growth than PSII? Tree Physiol. 40 (11), 1561–1571. https://doi.org/10.1093/
treephys/tpaa084.
Pontius, J., Schaberg, P., Hanavan, R., 2020. Remote sensing for early, detailed, and
accurate detection of forest disturbance and decline for protection of biodiversity. In:
Cavender-Bares, J., Gamon, J.A., Townsend, P.A. (Eds.), Remote Sensing of Plant
Biodiversity. Springer, Cham, pp. 121–154.
Poudyal, D., Rosenqvist, E., Ottosen, C.O., 2019. Phenotyping from lab to field -tomato
lines screened for heat stress using Fv/Fm maintain high fruit yield during thermal
stress in the field. Funct. Plant Biol. 46 (1), 44–55. https://doi.org/10.1071/
FP17317.
Ratajczak, Z., Nippert, J.B., Collins, S.L., 2012. Woody encroachment decreases diversity
across North American grasslands and savannas. Ecology 93 (4), 697–703. https://
doi.org/10.1890/11-1199.1.
Rossatto, D.R., de Araújo, P.E., da Silva, B.H.P., Franco, A.C., 2018. Photosynthetic
responses of understory savanna plants: Implications for plant persistence in

12

View publication stats

